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Introduction
Bipolar disorder (BD) is a severe mental disorder, with episodes of elevated (mania-hypomania) and depressed mood. Disturbances of fluid and electrolyte balance have been reported in acute exacerbations of BD (Coppen et al. 1966; Zubenko et al. 1984; Crammer, 1986) . Alterations in water and electrolyte homeostasis during acute mood episodes have been attributed to redistribution of electrolyte and water within body compartments, changes in fluid and solute intake, altered fluid and electrolyte metabolism and use of psychotropic drugs (de Magalhães-Nunes et al. 2007; Hochman et al. 2014) .
Serum osmolarity has an important role in water distribution between body compartments and depends in particular on the concentrations of sodium (Na + ), glucose and urea. Stability of serum osmolarity is maintained by a rapid increase or decrease in total body water content to compensate for changes in sodium intake and urinary water loss. Secretion of the antidiuretic hormone arginine vasopressin (AVP), which regulates thirst, has the major role in managing these adjustments in body water content (Arévalo-Lorido et al. 2016) . Dysregulation of osmolarity is associated with fluid-electrolyte imbalances, such as dehydration and hypernatraemia, leading to clinically increased risk of cardiovascular, cerebral, respiratory and renal disorders and mortality (Shen et al. 2017) .
Although the neurobiological mechanisms underlying the aetiology of BD are not understood completely, the dopamine hypothesis has been the leading key theory for manic episode. The antimanic actions of antidopaminergic drugs provide important evidence for a hyperdopaminergic state in mania (Ashok et al. 2017) . Another important key function of dopamine outside the CNS is in regulation of renal electrolyte homeostasis. The renal dopaminergic system plays a role in water and sodium balance by interacting with related hormone systems, such as the renal renin-angiotensin system and vasopressin (Gildea, 2009; Boone et al. 2011) . Dopamine may be also a linking point in the association between mood states and water-electrolyte homeostasis.
To date, to our knowledge, there is no scientific evidence of a role of serum osmolarity in bipolar disorder manic episode. Previous case reports indicate that acute exacerbations of mood episodes have been associated with polydipsia, haemodilution and an alteration in lithium concentrations, which were resolved after remission of the mood episodes (Crammer, 1986; Rittmannsberger & Malsiner-Walli, 2013; Hochman et al. 2014) . Secondary findings of a few studies demonstrate that mania is associated with diminished levels of serum/plasma parameters, such as haemoglobin, haematocrit (Hochman et al. 2014; Mert & Terzi, 2016) , sodium, albumin (Hochman et al. 2014) and total protein (Hochman et al. 2013) . Although the mechanisms underlying this situation remain unclear, relatively lower values of haematological and biochemical parameters in the manic state indirectly suggest a relative haemodilution.
In the present study, we aimed to investigate, for the first time, serum osmolarity in patients with bipolar disorder who were in manic episode. In the light of the abovementioned indirect indications of haemodilution in manic episode, we hypothesized that serum osmolarity should be lower in the manic state when compared with healthy control subjects.
Methods
Ethical approval. The data were provided from the study with the approval date/number (02.05.2017/21), which was approved by the local ethical committee of Bakırköy Mental Health Research and Training Hospital, according to principles established for research on human subjects in the Declaration of Helsinki, except for registration in a database. All participants and/or their legal representatives gave written informed consent before enrolment in the study.
Participants. Bipolar disorder inpatients who were in manic episode were included in the study. Diagnosis of patient groups was established by a consensus of two senior psychiatrists following a structured psychiatric interview according to Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision (DSM-IV-TR). We used the Young mania rating scale, which is widely used to assess the severity of manic episode with 11 items based on the patient's subjective report and clinical observation. The inclusion criteria were as follows: (i) age between 18 and 65 years; and (ii) being drug free for at least 2 weeks. The exclusion criteria were as follows: (i) alcohol and/or substance dependence or other axis 1 disorder; and (ii) having a medical disease (diabetes mellitus, renal dysfunction, thyroid disease, Cushing and other endocrinological, cardiovascular and cerebrovascular disease).
Additionally, age-and sex-matched healthy control subjects participated in the study. Healthy control subjects were selected from hospital staff with no previous history of psychiatric disorder, mental retardation, alcohol and/or substance abuse and the absence of an acute infectious disorder and renal dysfunction. Both groups were composed of male participants.
Blood samples were obtained in one centre in the morning at ß08.00 h from a forearm vein at the end of an overnight fasting period of >8 h to obtain standardization for water and food intake. Blood was transferred into dry tubes, immediately transported to the laboratory of the same centre, centrifuged to separate the serum, and analysed immediately with a Cobas 6000 automatic T. Kalelioglu and others analyser (Cobas c-501 module, Roche Diagnostics, Tokyo, Japan). Collected serum samples were assessed for Na + , blood urea nitrogen (BUN) and glucose. Serum osmolarity (in milliosmoles per litre) was calculated according to the following formula that takes into account serum Na + , BUN and glucose: (2 × Na + ) + (BUN/2.8) + (glucose/18) (Kuwabara et al. 2017) .
Statistics. The data were analysed using the Statistical Package for Social Sciences (SPSS) version 22 (Supplied by IBM Corp., Armonk, NY, USA). The continuous variables were reported as means ± SD. The normality of the distribution was assessed by the Kolmogorov-Smirnov test. In comparing the continuous variables between groups, Student's unpaired t test was used for parametric values. ANCOVA was used for adjustment of serum osmolarity for age, body mass index, total cholesterol and total protein levels. The significance level was accepted as P < 0.05.
Results
Sixty-eight male inpatients with manic episode and 60 age-and sex-matched healthy control subjects were included in the study. The mean age of patients was 34.7 ± 10.6 years and of healthy control subjects 32.5 ± 7.7 years (P = 0.193). The mean duration of disease was 9.9 ± 8.7 years. The average Young mania rating scale scores of patients at admission was 45.1 ± 6.7 (minimum, 28; maximum, 60). In terms of body mass index, there was no significant difference between patients and control subjects (26.3 ± 4.1 and 25.5 ± 2.5 kg/m 2 , respectively, P = 0.203).
The serum osmolarity of manic patients was 295.34 ± 4.90 mosmol/l and for the control group it was 298.46 ± 5.33 mosmol/l. The serum osmolarity of the manic group was significantly lower than that of the control subjects (P < 0.001). After adjustment for age, body mass index, total cholesterol and total protein levels with ANCOVA, the mean serum osmolarity value of the manic group was 295.13 ± 5.03 mosmol/l and that of control group was 298.78 ± 4.80 mosmol/l (P < 0.001). Statistical significance remained, even after adjusting the effect of confounding factors on osmolarity. When we compared the components of serum osmolarity, a statistically significant difference was also observed between groups in terms of fasting blood glucose (85.85 ± 12.25 mg/dl for manic, 92.95 ± 20.77 mg/dl for control subjects, P = 0.019) and Na + (140.73 ± 2.06 mmol/l for manic, 142.06 ± 2.48 mmol/l for control subjects, P = 0.001). For BUN concentrations, there was no statistically significant difference between manic (25.50 ± 9.85 mg/dl) and control (26.61 ± 6.64 mg/dl) groups (P = 0.461). Serum osmolarity values, its components and confounding factors, such as total cholesterol and protein levels, of groups are presented in Table 1 .
Discussion
In the present study, we tested the hypothesis that mania might be associated with diminished serum osmolarity. The hypothesis is based on the indirect findings of haemodilution in manic episode from early literature (Hochman et al. 2013 (Hochman et al. , 2014 Mert & Terzi, 2016) . Consistent with our hypothesis, we found a significant decrement for serum osmolarity in patients hospitalized with an acute manic episode, compared with healthy control subjects. Previous case reports have indicated that mania is associated with pathological variations in body weight and retention of water, and is accompanied by pathological thirst (Crammer, 1986; Rittmannsberger & Malsiner-Walli, 2013) . Another study supporting a causal relationship between mood episodes and fluid imbalance demonstrates that mania is associated with an increased risk of lower limb oedema. Total protein levels of the manic group were significantly lower in that study (Hochman et al. 2013) . In a study by Mert & Terzi (2016) , haematological parameters, such as haemoglobin and haematocrit, in manic episodes were also found to be lower than control values as secondary findings.
Regulation of serum osmolarity is particularly maintained by the antidiuretic effect of the hormone AVP. In the event of increased osmolarity, AVP is released by the pituitary gland, and an inappropriate increase of AVP causes hyponatraemia and haemodilution (Decaux & Musch, 2008) . Arginine vasopressin has been considered to have a role in the pathogenesis of mood disorders. Pharmacological data support the hypothesis that AVP function is augmented in manic and diminished in depressive episodes (Gold et al. 1978) . These data have been also confirmed in a longitudinal study by Hochman et al. (2014) . In that study, haematocrit, haemoglobin and albumin values were used as indirect measures of haemodilution or haemoconcentration. The authors reported that during manic episodes, the haemoglobin, haematocrit, albumin and sodium concentrations were lower than in depressive episodes, suggesting that the manic state is characterized by a relative haemodilution and that depression is associated with haemoconcentration (Hochman et al. 2014) . In a randomized clinical trial conducted by Wong et al. (2008) , haematological and biochemical parameters, such as haemoglobin, haematocrit and albumin, were found to be higher in individuals with unipolar depression when compared with control subjects. After 8 weeks of antidepressant treatment, haemorheological parameters of stress-haemoconcentration had improved in the unipolar depression patient group.
Taken together, previous studies have indicated that manic episodes have been associated with decreased levels of haematological and biochemical parameters, which might reflect a relative haemodilution. The decreased serum osmolarity of manic patients in our study might be indicative of such a haemodilution.
The limitations of the present study were its cross-sectional nature and relatively small sample size. Also, it would be more explanatory to compare serum osmolarity parameters between the initial and the remission phase of patients. Although including only male patients might not be representative of the bipolar population, we eliminated the hormonal effect and sex differences in serum osmolarity that might be considered both an advantage and a limitation of our study. Another limitation is the absence of knowledge about the lifestyle, dietary habits or restrictions of the patients, and previous psychotropic medication for evaluating long-term effects on osmolarity at admission. One of the methodological difficulties for manic patients was that even though the patients had been medication free for >2 weeks, we could not rule out those individuals who received PRN (pro re nata) medication at admission. Another limitation of study is the lack of knowledge about physical restriction or seclusion in case of necessity, which can easily cause excessive exertion, resulting in dehydration. Despite the fact that the osmolarity formula was previously studied and confirmed, verification of our results with direct measurement of osmolarity rather than calculating it with the formula [(2 × Na + ) + (BUN/2.8) + (glucose/18)] would strengthen our results.
In conclusion, this study is the first to reveal significantly lower serum osmolarity in manic episodes than in healthy control subjects, which may indicate relative haemodilution in mania. However, exploration of the role of fluid and electrolyte homeostasis and mechanisms of related hormones may contribute to a better understanding of the aetiology of bipolar disorder. Further studies involving depressive, mixed and hypomanic states are needed to determine the role of osmolarity and related factors in the pathophysiology of BD. 
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